The reliability of phosphorescent organic light emitting diodes (PHOLEDs) is crucial to their usefulness in displays [1] and lighting [2] . Unlike that of red or green devices, the operational lifetime of blue PHOLEDs is too short for most practical applications. Studies of blue PHOLED lifetimes have focused primarily on degradation of the emission layer (EML) [3] [4] [5] [6] ; however the loss of luminance due to degradation in other layers may also contribute. For example, blue PHOLED lifetime is affected by changes in the charge balance efficiency, η CB , defined as the ratio of excitons formed in the EML to the number of charges injected. Device lifetime is also affected by the loss of exciton confinement, η EC , defined as the percentage of excitons generated in the EML that recombine without diffusing into adjacent layers. Thus, degradation of blocking layers, changes in layer morphology, or increased resistance can decrease the device luminous efficiency by reducing either η CB or η EC .
Here, we employ red, δ-doped (i.e. ultrathin) 'sensing layers' in the charge transport regions to monitor changes in η CB and η EC of a blue PHOLED over its operational lifetime [5, 7, 8] . Charge and triplet exciton leakage are distinguished by comparing the emission intensities from the fluorescent vs. phosphorescent sensing layers. Using this technique, we find that changes in exciton confinement accounts for <5% of luminance loss, while changes in charge balance do not contribute significantly.
This confirms that degradation of molecular species primarily occurs within the emission layer itself.
To measure charge and exciton leakages from the EML, we fabricate devices having red-emitting phosphorescent or fluorescent sensor molecules doped into the electron (ETL) or hole transport layer (HTL). Assuming that phosphorescent sensing layers efficiently collect all leaked charges and excitons, the charge balance efficiency is determined from the ratio sensor emission to injected charges via
where is the electron charge, J is the current density, Φ is the outcoupled photon flux emitted by the sensing layer, is the sensor layer optical outcoupling efficiency, χ is the fraction of emissive excitons (i.e. χ = 1 for a phosphorescent sensor and ¼ for a fluorescent sensor), and Φ is the photoluminescent quantum yield of the sensor.
Excitons formed in the EML rapidly intersystem cross on phosphorescent dopant molecules to form emissive triplets. Because triplet excitons on the fluorescent sensor are nonemissive at room temperature, fluorescent sensing layers only emit due to singlet excitons directly formed on the sensor by leaked charges or by Förster transfer from the EML. Hence, by preventing Förster transfer, fluorescent sensing layers are sensitive only to charge leakage. To quantify this leakage, we set η EC = 1 in Eq. 1. Thus, phosphorescent sensing layers measure both charge and exciton leakage, while fluorescent sensing layers decouple these two by measuring charge leakage separately.
To avoid changing the device characteristics due to trapping of holes in the HTL or electrons in the ETL, sensor materials should have a deeper highest occupied molecular orbital (HOMO) energy (measured from the vacuum level) than the HTL, and a shallower lowest unoccupied molecular orbital (LUMO) energy than the ETL.
Additionally, the sensing material luminescence should to be easily spectrally resolved from that of the dopant. Ir(dmp) 3 to PtOEP and DCM2 are 3.5 nm and 3.9 nm, respectively, calculated using the sensor absorption spectra in Refs. [9] [10] [11] . Layer thicknesses controlled using a crystal microbalance are accurate to within 5%.
PtOEP was chosen as the phosphorescent sensing material since its low triplet energy (E T = 1.9 eV) allows efficient energy transfer from Alq 3 [12, 13] (E T = 2.1±0.1 eV). Also, its LUMO energy is aligned with that of Alq 3 [14] while the HOMO level holes but not electrons in the ETL [12, 14] . On the other hand, CPD has a HOMO energy of 5.5 ± 0.1 eV and its LUMO energy is expected to be similar to NPD (~1.5 eV).
Therefore, only electrons are trapped on PtOEP in CPD, with the PtOEP LUMO at 0.5 eV below that of the CPD, while the HOMO energies are aligned to within 0.2 eV, as shown in Fig. 1(a) . The DCM2 HOMO is 5.3 eV, whereas its LUMO is 0.4±0.1 eV below that of Alq 3 and can trap electrons [15] , although we find δ-doped layers cause no change in the device operating characteristics.
Following fabrication, the PHOLEDs are encapsulated in ultrapure nitrogen (<0.5 ppm oxygen and water concentration) using a glass slide sealed to the substrate with UVcured epoxy applied around its periphery. The PLQY of the PtEOP:Alq 3 film is 14.9 ± 1.6%; PtOEP:CPD film, 28.5 ± 1.9%; and DCM2:Alq 3 film, 50 ± 9%. The percentage of emissive excitons at the sensing layers that emit outcoupled photons is determined using Green's function methods [16] along with the indexes of refraction of the layers measured by ellipsometry. The percentage of outcoupled photons for the PtOEP-ETL sensing layer is Φ 100%
2.3 ± 0.2%; PtOEP-HTL, 5.1± 0.2%; and DCM2-ETL, 7.5 ± 1.4%.
The current density-voltage (J-V) characteristics of the PtOEP-ETL and PtOEP-HTL sensing devices, along with those for reference devices without sensing layers, are given in Fig. 1(b) . The performance is similar for all device types, with small differences due to the different HTL materials used and unavoidable growth-to-growth variations.
The DCM2-ETL sensing device J-V characteristic also is comparable to its reference.
The peak external quantum efficiency of the devices was 8.8%. The luminance loss and voltage rise over time at J = 30 mA/cm 2 are given in Fig. 1(c) for the PtOEP HTL and ETL sensing devices. All devices show the same lifetime and voltage rise behaviors, independent of sensing layers employed.
The spectral evolution of the emission with time is given in Fig. 2 . As the device ages, the emission intensity of the PtOEP-ETL sensing layer increases ( Fig. 2(a) ), whereas it decreases for the PtOEP-HTL sensing layer ( Fig. 2(b) ). The sensor intensity is obtained by subtracting the aged reference and sensing device spectra (Fig. 2, detail) .
Importantly, we estimate that at 10 mA/cm 2 , the sensing layer emission is approximately two orders of magnitude below the point when every PtOEP molecule is excited. This site saturation limit is determined using Φ / Φ , where is the radiative recombination rate and is the number of sensor molecules. Due to the thin δ-doped sensor layers, care must be taken to avoid saturation which could occur at high current densities or for devices with poor charge balance due to the long (~100 µs) lifetime of PtOEP phosphorescence [17] . Unlike the PtOEP ETL sensing layer, the DCM2 ETL sensing emission does not change with device age, as shown in Fig. 2 
(c).
The fraction of charge injected to charge leakage from the EML is 1 , calculated using the phosphorescent sensing spectra, with results shown in Fig. 3 . The leakage into the ETL, is shown in Fig. 3(a) . It increases as the device ages, and is an approximately linear function of the fraction of loss in luminance (L) from its initial value
The differences in leakage at J = 1 mA/cm 2 and 10 mA/cm 2 are due to shifts in the charge recombination zone from the ETL to the HTL side of the EML with current [7] . This leads to proportionately larger sensor emission at low currents at the ETL side, whereas the HTL side leakage does not change over the same range of J (see Fig. 3(b) ). Error bars reflect differences between similar devices.
Comparing the behavior of the sensor emission vs. aging time for the ETL sensing layers in Figs. 2(a) and 2(c), we see that the PtOEP emission increases while the DCM2 emission is constant. Because the DCM2 sensing data are only sensitive to charge leakage, we conclude that charge balance does not change as the device degrades. The increased emission from the PtOEP-ETL sensing layer is therefore attributed to increased leakage of triplet excitons into the ETL.
Exciton blocking at the EML/HBL interface relies on the high E T = 2.95 eV of mCBP [18] relative to Ir(dmp) 3 (E T = 2.7 ± 0.1 eV). A possible cause of the increased exciton leakage includes chemical degradation that results in low triplet energy degradation products in the HBL. Indeed, several degradation products of mCBP have been identified with smaller energy gaps and likely lower triplet energies than mCBP [19] . Alternatively, morphological changes of the blocking layers has been linked to degradation of organic photovoltaic devices, and could also play a role here [20] . For example, crystallite formation in the HBL can intermix the HBL and ETL layers, reducing their exciton blocking efficiencies.
Leakage into the HTL of analogous devices is attributed to exciton diffusion [7, 21] that results from the low triplet energy of the HTL compared to the EML constituents. In addition, both NPD and CPD fluoresce in the wavelength range λ = 400-450 [21] , which would be expected in the case of electron leakage into the HTL. This is not observed here, thus we conclude that emission from the HTL sensing layer is also due to exciton diffusion.
Quenching at defects reduces the lifetime and diffusion length of excitons within degraded EMLs. Additionally, increased nonradiative recombination of charges on defects reduces the exciton formation rate. These effects cause a decrease in the exciton flux into the HTL. We quantitatively determine the decrease in exciton flux by solving the diffusion equation together with the PHOLED degradation model based on hot triplet annihilation of Ref [4] . Specifically, we solve:
where x is the position in the device, t is the time for triplet diffusion and transport (on the order of nanoseconds to microseconds), t' corresponds to the operation time leading to generation of defects (typically tens to thousands of hours), T(x,t,t') is the triplet density, D(x) is the diffusivity, G(x,t') is the exciton generation rate normalized to that of the fresh device, and τ(t') is the exciton lifetime. The exciton density is zero at the sensing layer, corresponding to exciton trapping on sensor molecules, and excitons are blocked at the HBL. We use D = 2.3×10 -7 cm 2 s -1 and τ = 100 µs for exciton diffusion and lifetime in the HTL and 7.6×10 -7 cm 2 s -1 for the EML [7] . Values for τ(t') in the EML are obtained from Ref. Table 1 , Ref. [4] for the hole and electron densities p(t,t') and n(t,t'), respectively. The normalized exciton generation rate inside the EML is then
p(∞,t')n(∞,t')/[p(∞,0) p(∞,0)]
, and zero elsewhere. The exciton flux at the sensing layer is , ∞, / , evaluated at the position of the sensing layer.
The resulting change in exciton flux at the HTL sensor layer relative to the asgrown device is shown in Fig. 3 (dashed line), scaled to match the PtOEP HTL sensing data. The agreement between the HTL emission data and theory support the conclusion that reduced exciton leakage into the HTL results from reduced diffusion into the HTL due to EML degradation.
The contribution of loss of charge balance and exciton confinement to the luminance decrease is:
calculated using the PtOEP sensing data, with results shown in Fig. 4 . Here, error bars represent the difference in ΔL CB (t') calculated for similar devices. The loss of exciton confinement accounts for approximately 3% of luminance loss at J = 1 mA/cm 2 , and 1-2% at 10 mA/cm 2 . This implies 97% of luminance loss is due to degradation of molecular species in the EML itself, consistent with assumptions in previous work investigating the lifetime of blue emitting PHOLEDs [4, 5, 22] .
In summary, we find that loss of exciton confinement contributes ~3% to the luminance loss in blue PHOLEDs over their operational lifetimes, while charge balance is not significantly changed. We reach this conclusion by direct measurement of the luminance from red-emitting sensing layers located within the electron and hole transport layers. Indeed, over 95% of the luminance loss in these devices occurs by direct aging of the dopants and/or hosts in the EML. The small loss of exciton confinement is attributed to chemical or morphological degradation of the HBL, while charge balance does not change significantly with aging. Based on these findings, further improvements in lifetime will require more robust hosts, emitters, or other strategies for reducing their degradation pathways [5, 8, 23, 24] . mA/cm 2 , the leakage is larger and increases more quickly than at 10 mA/cm 2 .
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